This work reports on an efficient powder metallurgy method for the synthesis of NiTi alloys, involving mechanical activation of pre-alloyed NiTi 2 and elemental Ni powders (NiTi 2 -Ni) followed by a press-and-sinter step. The idea is to take advantage of the brittle nature of NiTi 2 to promote a better efficiency of the mechanical activation process. The conventional mechanical activation route using elemental Ti and Ni powders (Ti-Ni) was also used for comparative purposes. Starting with (NiTi 2 -Ni) powder mixtures resulted in the formation of a predominant amorphous structure after mechanical activation at 300 rpm for 2 h. A sintered specimen consisting mainly of NiTi phase was obtained after vacuum sintering at 1050°C for 0.5 h. The produced NiTi phase exhibited the martensitic transformation behavior. Using elemental Ti powders instead of prealloyed NiTi 2 powders, the structural homogenization of the synthesized NiTi alloys was delayed. Performing the mechanical activation at 300 rpm for the (TiNi) powder mixtures gave rise to the formation of composite particles consisting in dense areas of alternate fine layers of Ni and Ti. However, no significant structural modification was observed even after 16 h of mechanical activation. Only after vacuum sintering at 1050°C for 6 h, the NiTi phase was observed to be the predominant phase. The higher reactivity of the mechanically activated (NiTi 2 -Ni) powder particles can explain the different sintering behavior of those powders compared with the mechanically activated (Ti-Ni) powders. It is demonstrated that this innovative approach allows an effective time reduction in the mechanical activation and of the vacuum sintering step.
Introduction
NiTi is the most common used shape-memory alloy (SMA). The gravity segregation and poor workability associated with casting process increase the interest in powder metallurgy (PM) techniques using pre-alloyed powders or elemental powders [1, 2] . Advantages of elemental over pre-alloyed powders are their lower prices and also the possibility to vary the alloy composition and, therefore, the final properties [3] . From the literature, it is seen that the formation of single-phase NiTi via elemental powder sintering has not yet been achieved [4] [5] [6] . It is suggested that one of the main obstacles is related with oxidation issues, especially Ti oxidation [7] .
Ti usually forms TiO 2 at the surface owing to its higher affinity for oxygen, which reduces the Ti content available for the Ni/Ti reaction and hinders further reaction. Moreover, it is known that the oxygen solubility limit in NiTi alloys is very low (0.045 at.%) [8] . When the oxygen level in NiTi is higher than that limit, the oxygen atoms exist mainly in the form of Ni 2 Ti 4 O x (0 \ x \ 1) phase, which appears and is always misinterpreted as NiTi 2 because of the structure similarity between the two phases [9] . Once formed, Ni 2 Ti 4 O x is difficult to remove, even after post-treatment, because it is thermodynamically stable [10] . Ni 2 Ti 4 O x has strong effects on the mechanical and shape-memory properties of the produced PM NiTi alloys [11] .
Several approaches have been adopted to overcome the above-mentioned issues. Alkali metals, such as Ca and CaH 2 , have been used as reducing agent in the preparation of single-phase NiTi under solid state [12, 13] . However, CaO, usually formed as a by-product, is often trapped in the pore during the NiTi compound synthesis reaction [14] . The use of TiH 2 powder instead of Ti powder has also been investigated in order to decrease the oxygen content of the sintered porous NiTi products [5, [15] [16] [17] .
To the best of our knowledge, no experimental research has been reported on the use of pre-alloyed NiTi 2 powder as a substitute of Ti powder for the synthesis of NiTi alloys through PM, specifically when considering the mechanical activation process. However, its brittleness, when compared to the more ductile character of Ti, may be an advantage as it can allow for a better balance between the processes of fracturing and cold welding during the mechanical activation process. Mechanical activation, involving the use of high-energy ball mills, offers new possibilities in obtaining micro-and nanocrystalline powders with metastable structure which modifies the phase transformation kinetics and allows the formation of intermetallic phases at a relatively low temperature [18] . In this sense, the present work is mainly focused on the use of (NiTi 2 -Ni) powder mixtures for the synthesis of NiTi alloys through an efficient approach that consists in a short mechanical activation step followed by a conventional press-andsinter step. The characteristics of the mechanically activated powders and of the sintered products are evaluated in terms of the starting powder mixtures, i.e., (NiTi 2 -Ni) versus (Ti-Ni).
Materials and methods
Two groups of powders blends, with a nominal composition Ni-50 at.%Ti, were produced from the starting NiTi 2 , Ni, and Ti powders: (NiTi 2 -Ni) and (Ti-Ni). Commercially pure Ni (99.9%, -200 mesh) and Ti (99.5%, -200 mesh) powders were used. The pre-alloyed NiTi 2 powders were fabricated by vacuum induction melting of Ni ingots (99.9%) and Ti ingots (99.9%), followed by mechanical crushing and screening methods.
The mechanical activation process was carried out on a planetary high-energy ball mill (PM400 from Retsch) using stainless steel jars (250 mL), stainless steel balls (15 mm diameter), and a ball-to-powder weight ratio of 20:1. A milling rate of 300 rpm was selected and the milling time ranged between 1 and 16 h. To avoid temperature increase, milling periods of 10 min were alternated with 5-min periods of rest. The jars were sealed, evacuated, and back-filled with Ar gas to prevent oxidation. Additionally, to improve the sealing of the jars, few layers of Parafilm tape were placed in-between the jar and the cover.
Subsequently, the mechanically activated powders were cold-pressed, with a pressure of 300 MPa, into columnar specimens with 10 mm 9 10 mm 9 25 mm in size. The cold-pressed columnar specimens were then sintered in a vacuum furnace (2.3 9 10 -3 Pa) at 850 and 1050°C, with holding periods of 0.5 and 6 h.
The mechanically activated powders, as well as the sintered specimens, were characterized by X-ray diffraction (XRD, with Cu Ka radiation), electron J Mater Sci (2018) 53:13432-13441 scanning microscopy (SEM), fitted with a backscattered electron detector (BSE), and energy-dispersive X-ray spectroscopic (EDS) analysis. Differential thermal analysis (DTA) was carried out up to a maximum of 1100°C with heating and cooling rates of 20°C/ min. The martensitic transformation behavior of the sintered specimens was analyzed by differential scanning calorimetry (DSC). Oxygen contents of the pristine and mechanically activated powders were analyzed with a LECO TC-436 inert gas fusion oxygen analyzer (average of three determinations for each sample).
Results and discussion
The oxygen contents determined for the starting powders and for some of the mechanically activated powders are listed in Table 1 . It can be seen that the Ti powder has more oxygen than any other starting powder or mechanically activated powder. The higher oxygen content of the Ti powder can be ascribed to the greater affinity of this element to oxygen. Consequently, this most probably will lead to the formation of an unwanted thin layer of TiO 2 in the surface of the Ti powder. As expected, the oxygen content in the NiTi 2 powder is lower than the one measured in the Ti powder, leading to slightly lower oxygen content in the (NiTi 2 -Ni) mechanically activated powders than in the (Ti-Ni) mechanically activated powders. However, the difference between the oxygen content of the (NiTi 2 -Ni) mechanically activated powders and of the (Ti-Ni) mechanically activated powders is within the obtained experimental scatter. Nevertheless, it should be mentioned that the experimental scatter is lower for the (NiTi 2 -Ni) mechanically activated powders. The oxygen contents in the (NiTi 2 -Ni) powders mechanically activated for 1 and 2 h are comparable and indicate a good Ar gas protection during the mechanical process. Oxygen contents similar to those shown in Table 1 were measured for both type of powder mixtures mechanically activated for longer periods. The obtained results put in evidence the substantial contribution of the level of impurities present in the starting materials to the results obtained in the mechanically activated powders.
Taking into account that in high-quality bulk NiTi SMAs, the levels of oxygen impurity should be kept below 1000 ppm, then the oxygen contents shown in Table 1 for both types of the mechanically activated powders mixtures can be classified as high for this type of alloy [19] . However, when they are compared with the oxygen contents reported in the literature for powder metallurgy alloys they are within the best range limit [20] [21] [22] . Figure 1 shows SEM/BSE images of the mechanically activated powders. Independently of the starting system, (NiTi 2 -Ni) or (Ti-Ni), the size of the milled particles changed little with the increase in the mechanical activation time. However, the size of the mechanically activated (NiTi 2 -Ni) particles was observed to be much smaller than that of the mechanically activated (Ti-Ni) particles. Based on SEM observations, the size of the mechanically activated powder particles varied from * 20 to * 50 lm for the (NiTi 2 -Ni) system and from * 100 to * 500 lm for the (Ti-Ni) system.
In addition, the resulting microstructures were also significantly different. A heterogeneous layered microstructure was formed in the (NiTi 2 -Ni) powder particles mechanically activated for 1 h (Fig. 1a) , consisting of layers of NiTi 2 (dark gray areas) and Ni (white gray areas). When the milling time was extended to 2 h, those layers became thinner and a considerable new phase area, a dissolution area, was formed (Fig. 1b) . EDS analysis in those areas revealed that the Ni-Ti atomic ratio was near 1 (Fig. 1c, d ), indicating that a chemical combination between NiTi 2 and Ni occurred after such short mechanical activation step.
In contrast, elemental particles of Ni (white gray particles) and Ti (dark gray particles) were still observed in the (Ti-Ni) powders milled for 2 h (Fig. 1e) . Only when the milling time increased to 16 h, the (Ti-Ni) powder particles changed completely into composite particles consisting in dense areas of alternate fine layers of Ni (white gray) and Ti (dark gray) (Fig. 1f) . It should be noted that the EDS analysis of the mechanically activated powder mixtures revealed the absence of contamination of elements from the milling media [specifically, iron (Fe) and chromium (Cr)]. This is exemplified in Fig. 1d for the (NiTi 2 -Ni) powders where the EDS peaks from Fe and Cr are not detectable. The (Ti-Ni) system can be considered as a mixture of ductile elements, and during the early stages of the mechanical activation process, the Ti and Ni particles will deform and cold weld to each other forming big composite particles (Fig. 1e) . Afterward, with continued deformation, those particles get work-hardened and fracture [20] . This mechanism will lead to a simultaneous decrease of both the particle size and in the inter-layer spacing, i.e., refinement of the fine layers of Ni and Ti [20] . Unlike Ti, NiTi 2 has higher hardness and wear resistance and is much brittle due to its singular cubic fcc-like structure (space group Fd-3m) containing 96 atoms in the unit cell [23, 24] . Thus, the (NiTi 2 -Ni) system can then be considered as a brittle-ductile combination. Therefore, the force of the ball/powder collisions will plastically deform the Ni particles and will fracture the NiTi 2 particles. The new surfaces created enable these two kinds of particles to weld together leading to the formation of NiTi 2 -dispersion composite particles. With the continuation of the milling process, the structure of the composite particles is rapidly refined due to the fragmentation of the NiTi 2 constituents, leading to a faster mechanical activation process.
Based on the above-mentioned results, it was decided that the subsequent vacuum sintering step would be carried out in the (NiTi 2 -Ni) powders mechanically activated for 2 h and in the (Ti-Ni) powders mechanically activated for 16 h. Figure 2 shows the XRD patterns obtained for the mechanically activated powders and for the sintered 
specimens. For the mechanically activated (NiTi 2 -Ni) powders, it is observed a very broad XRD peak at 2h around 42° (Fig. 2a) which can be related to the formation of an amorphous phase. The required conditions for the occurrence of an amorphous phase during the mechanical activation process are satisfied in the Ti-Ni system. Particularly, these conditions are: (1) negative enthalpy of mixing (the formation of any Ti-Ni intermetallic is exothermal in signal) and (2) a much faster diffusion rate of Ni in Ti compared to that of Ti in Ni [25] . Additionally, the amorphization by high-energy ball milling in an inert atmosphere was reported to be achieved in Ni x Ti 1-x powders for 0.28 \ x \ 0.72 [26] .
After subsequent vacuum sintering at 850°C for 0.5 h (Fig. 2a) , the broad XRD peak turned into several narrow and sharper XRD peaks associated with the NiTi, NiTi 2 , and Ni 3 Ti phases. With the vacuum sintering at 1050°C for 0.5 h, the most intense XRD peaks are clearly related to the NiTi phase, although some less intense XRD peaks from the NiTi 2 phase could still be indexed. Nevertheless, this result is a demonstration of the potentialities of the approach used for the synthesis of NiTi alloys through powder metallurgy considering the very short time of this sintering step. The relevance of this result is discussed in more detail at the end of this section.
By contrast, in the (Ti-Ni) powders mechanically activated for 16 h, the only XRD peaks indexed corresponds to the pristine Ti and Ni phases (Fig. 2b) . As it can be seen, those XRD peaks are still very well defined and narrow, and contrarily to what was observed for the (NiTi 2 -Ni) powders, the existence of an amorphous halo could not be inferred. As expected, vacuum sintering at 1050°C for 0.5 h, gave rise to the formation of the intermetallic NiTi, NiTi 2 , and Ni 3 Ti phases (Fig. 2b) . However, when comparing these results with the (NiTi 2 -Ni) sintered specimens the ratio between the existent phases are completely different. After vacuum sintering at 1050°C for 6 h, the NiTi is the dominant phase, but the XRD peaks related to the NiTi 2 and Ni 3 Ti phases could still be indexed (Fig. 2b) . Therefore, the different sintering behavior of the mechanically activated (NiTi 2 -Ni) and (Ti-Ni) powders are placed into evidence from the XRD results with a clear advantage for the use of (NiTi 2 -Ni) powder mixtures. Most probably, this difference may be ascribed not only to the higher reactivity of the mechanically activated (NiTi 2 -Ni) powder particles but also to the slightly lower oxygen content in those powders. In fact, it is known that the formation of oxides (like TiO x or Ni 2 Ti 4 O x ) might hinder the NiTi intermetallic synthesis reaction and may also promote a change in the Ni/Ti ratio [27, 28] . Figure 3 shows the macro-and microstructures of the vacuum sintered specimens. It is evident the formation of porosity in all specimens although with different degrees and of various shapes and sizes. The pore-crack characteristic present in the (NiTi 2 -Ni) specimen sintered at 850°C for 0.5 h (Fig. 3a) and in the (Ti-Ni) specimen sintered at 1050°C for 0.5 h (Fig. 3c) is an indication that a weak sintering reaction occurred at the interface of the powder particles. Moreover, the (Ti-Ni) specimen shows larger and more regular pores.
For the (NiTi 2 -Ni) system, sintering at higher temperature, 1050°C for 0.5 h (Fig. 3b) , resulted in a significant improvement of the sintering reaction at the particle boundaries since the larger pores, visible in the (NiTi 2 -Ni) sintered specimen at 850°C for 0.5 h, were replaced by smaller and roughly spherical pores (Fig. 3a vs b) . On the other hand, increasing the sintering time up to 6 h in the (Ti-Ni) system led to little changes in the microstructure except that the edges of the pores become smoother (Fig. 3d ). These results demonstrate again the benefits of replacing the Ti powder by pre-alloyed NiTi 2 powder in the synthesis of NiTi alloys through mechanical activation. Figure 4 shows the heating DTA curves of the mechanically activated (NiTi 2 -Ni) and (Ti-Ni) powders. A broad exothermic peak with a small narrow and sharp peak at around 425°C can be seen in the DTA curves corresponding to the (NiTi 2 -Ni) system (Fig. 4a) . The sharpness of this small narrow peak gets more pronounced with the increase in mechanical activation time from 1 to 2 h. On the other hand, only one very broad exothermic peak is seen for the mechanically activated (Ti-Ni) powders (Fig. 4b) . However, the top of this broad peak gets narrow and sharp and shifts to a temperature of around 425°C with the increase in mechanical activation time.
As it was already demonstrated for the Ti-Ni system [29] , the broad exothermic effect detected in both types of powder mixtures will probably correspond to the solid-state synthesis reactions for the formation of the intermetallic NiTi, NiTi 2 , and Ni 3 Ti phases. The mechanical activation process increases the contact surface area between NiTi 2 (or Ti) and Ni, producing powder particles exhibiting high reactivity. This fact modifies the phase transformation kinetics and allows the formation of the intermetallic phases at a relatively low temperature [25] . Moreover, performing a second run (see the inside figure in Fig. 4a ) revealed that all phase transformations were completed after the first run.
Comparing Fig. 4a with Fig. 4b , one can speculate that during the heating process, besides the solidstate synthesis reactions mentioned above, a recrystallization reaction also occurred in the mechanically activated (NiTi 2 -Ni) powder. This recrystallization reaction can be associated with the small sharp peak at around 425°C. These results are in good agreement with the XRD results (Fig. 2) and with the literature [30] , which suggests that the crystallization process is in progress at 412°C in an amorphous NiTi alloy produced by mechanical alloying. One more point in favor for the substitution of Ti by pre-alloyed NiTi 2 is the fact that the range of synthesis reaction temperature, which is related with the width of the broad exothermic peak, is smaller in the mechanically activated (NiTi 2 -Ni) powder compared to that observed for the (Ti-Ni) powder (Fig. 4a vs b) . Figure 5 shows the heating and cooling curves of the DSC analysis performed to make a first evaluation of the martensitic transformation behavior of the (NiTi 2 -Ni) sintered specimen at 1050°C for 0.5°C (Fig. 5a ) and of the (Ti-Ni) sintered specimen at 1050°C for 6 h (Fig. 5b) . The obtained DSC curves suggest that the martensitic transformation behavior is more evident in the (NiTi 2 -Ni) sintered specimen than in the (Ti-Ni) sintered specimen. This observation can be associated with the better degree of structural homogenization achieved in the first case. It is known that the martensitic transformation behavior is strongly dependent on phase homogenization and on the heat treatment history of the alloy [31] . Nevertheless, a deeper analysis regarding this subject on the produced alloys is required and will continue in future work.
At this point, it is important to make some considerations highlighting the findings of the present study. Several studies and approaches have been reported regarding the synthesis of NiTi alloys through powder metallurgy and a wide variety of experimental results have been obtained [3-6, 18, 21, 22, 25-28, 30-37] . Moreover, when the mechanical activation process is adopted the obtained results have to take into consideration several process variables, such as the type of the mill, the milling speed, the milling atmosphere, the type and size of the balls, the ball-to-powder weight ratio, the use of process control agents [20] . For example, it is worth noting that neither the efficiency of energy transfer nor the applied stress is the same from one milling device to another [20] . This is also true even when generically it is stated that a planetary ball mill was used as there are many different types of such device.
The time of milling is the one of the most important parameter. In the present study, it is shown that starting from (NiTi 2 -Ni) powder mixtures an amorphous phase is formed after 2 h of mechanical activation. The formation of the amorphous phase in such a short time was attributed to the use of the prealloyed NiTi 2 powders instead of the elemental Ti powders. In the literature, it is possible to find some examples where the mechanical activation of (Ti-Ni) powder mixtures also gave rise to the formation an amorphous phase [18, 22, 31, 37] . However, its formation only occurred for milling times between 10 and 32 h. Considering that the mechanical activation process should be performed in the shortest time possible to minimize contamination issues, which strongly affect the mechanism of the mechanical activation process, the result of the present investigation can be considered as an improvement and an optimization in the overall synthesis process of NiTi alloys by powder metallurgy.
There are some other studies that report the formation of an disordered NiTi intermetallic phase [33] [34] [35] or an Ni(Ti) and Ti(Ni) solid solutions [37] during the mechanical activation process. An interesting study has shown that the amorphous phase produced in Ni 60 Ti 40 powders milled for 20 h in argon atmosphere, when further milled in oxygen it crystallized into intermetallic compounds and subsequently decomposed into the constituent elements [32] . Taking this into consideration, it may be speculated that the formation of the disordered NiTi intermetallic phase and of the Ni(Ti) and Ti(Ni) solid solutions mentioned above may arise from the contamination of the milled powders with oxygen.
Also, the level of contamination coming from the grinding media needs to be considered for very long milling times. Through EDS analyses, it has been revealed the presence of contamination of Fe (in amounts ranging up to 9.5 at.%) and Cr (in amounts ranging up to 4.0 at.%), originated from the grinding media, in NiTi alloys processed for 32 and 100 h [18, 37] . It can then be realized that the level of contamination increases and some undesirable phases may form when the powders are milled for very long times.
It is well known that one of the main problems associated with powder metallurgy is the synthesis of homogeneous NiTi alloys without the presence of the undesired NiTi 2 and Ni 3 Ti phases. It was recently suggested that the presence of those phases may be equally imputed to [36] : (1) 3 Ti. Through in situ neutron diffraction studies, the eutectoid decomposition of NiTi was observed to occur at 620°C [36] . It can then be considered reasonable to admit that the presence of the NiTi 2 and Ni 3 Ti phases in the (NiTi 2 -Ni) sintered specimens and in the (Ti-Ni) sintered specimens is linked to the eutectoid decomposition of NiTi. Further improvements regarding this issue will be carried out and will require a special attention to the sintering cycles.
Conclusions
In this study, it is proposed an innovative and effective approach for improving the synthesis of NiTi alloys through powder metallurgy. This approach involves the substitution of elemental Ti powder by pre-alloyed NiTi 2 powders. Moreover, the proposed synthesis route comprises two steps: the first one includes the mechanical activation of the starting powder mixtures on a planetary high-energy ball mill, while the second one consists on a conventional press-and-sinter step. The advantage of using pre-alloyed NiTi 2 powders was investigated by preparing two different starting systems, (NiTi 2 -Ni) powder mixtures and (Ti-Ni) powder mixtures, and by comparing the results obtained for each system regarding the structural homogenization of the synthesized NiTi alloys.
It was seen that the characteristics of the mechanical activated (NiTi 2 -Ni) powder mixtures, specifically the higher reactivity, were responsible for the better sintering behavior of those powders when compared to the mechanical activated (Ti-Ni) powder mixtures. In fact, an amorphous powder, with a relatively low level of oxygen, was formed in the mechanically activated (NiTi 2 -Ni) powders shortly after 2 h at 300 rpm. Subsequently, NiTi specimens were obtained after vacuum sintering at 1050°C for 0.5 h. Contrarily, when considering the (Ti-Ni) powder mixtures, Ni and Ti phases were still present after 16 h of milling and a NiTi specimen was obtained only after 16 h at 1050°C. This reduction in the total processing time is a real improvement, in particular when considering the mechanical activation step, due to the potentiality of mitigating all possible contaminations sources.
